High throughput capability of the terahertz band (0.3-10 THz) wireless communications is expected to be utilized by the fifth generation of mobile telecommunication systems and enable a plethora of new applications. Supporting devices will transfer large amounts of data in both directions, causing high energy consumption by the electronic circuitries of the equipment in use. Therefore, physical layer for these systems must be designed carefully in order to reduce energy consumption per bit. In this paper, the best performing modulation scheme and hardware parameters that minimize the energy consumption without affecting the system throughput are determined. THz band device technologies are outlined and a complete survey of the state-of-the-art low-THz band circuit blocks which are suitable for mass market production is given. It is shown that for short-range communications, M-ary quadrature amplitude modulation is the most energy-efficient technique that can lead up to 90% reduction in consumed energy. Moreover, optimal transceiver parameters which can be used to further minimize the energy consumption of the THz band system are examined.
Introduction
Over the last two decades mobile communications have radically progressed from just being a luxury service for business people. The subscriber number of mobile telephony passed both the 1 billion mark and its fixed-line counterpart in 2002 permanently: As of 2014, mobile device and connections reached to 7.4 billion globally, resulting a penetration rate over 100% for the first time, and expected to grow to 11.6 billion by 2021 [1] [2] [3] .
Technical performance requirements of the fourth generation (4G) of mobile telecommunication systems, IMT-Advanced [4] , were identified in 2008 by the report International Telecommunication Union (ITU) Radiocommunication Sector (ITU-R) M.2134 [5] . LTE-Advanced and WirelessMAN-Advanced were specified as the two complying standards on 18 January 2012, and this date can be considered to be the beginning of the standardization activities on the 5G systems.
There are some ever-present expectations from the next-generation of cellular systems, the foremost of which can claimed to be peak data rate increase. The highest data rate for the third generation systems was defined as 20
Mb/s in 1997 by the report ITU-R M.1034-1 [6] , whereas, this value for the 4G downlink is 1500 Mb/s [5] . However, the latter assumes an extended operation bandwidth of 100 MHz and 4×4 multiple-input multiple-output (MIMO) antenna array, though the current industry norm is 2-stream MIMO and 4-stream MIMO is only perceived to be possible by the time 5G telecommunication systems arise. Thus, in view of the advancement of the wireless standards, peak data rate designation of beyond 4G systems is expected to be on the order of 10 Gb/s.
Besides performance, mobile telecommunication market and applications are continuously evolving too. The increase in the number of user equipments (UEs) is led by smartphones, and this trend is expected to continue, as the share of smart devices among total connections is predicted to rise from its 2014 value of 26% to 74.7% by 2021. Such an upsurge does not just alter the composition of principal mobile application and services, but also adds additional growth pressure on network capacity and connection speeds, since average data usage per smart devices range between 37 and 132 times that of a basic mobile phone, depending on the device and connection types [2, 3] .
Increasing the carrier frequency, f c , to the low end of the THz band has been proposed as one alternative method to meet the radio interface performance requirements of the 5G systems [7, 8] .
Research activities in this spectrum are increasing, as the channel characterization and semiconductor device behaviors are already being examined. However, unlike the 60 GHz industrial, scientific and medical radio band, modulation schemes for the THz band communications are yet to be defined. In [9] , a distance aware modulation scheme which uses distance and frequency dependent behavior of the THz band channel to adaptively utilize the bandwidth is proposed. An important factor in the selection of the modulation technique for the THz band is the higher amount of energy that is required for data transmission. Thus, minimizing the energy consumption factor is necessary to make the communications viable and cost-effective. Most of the literature on wireless communication energy consumption is focused on transmitting small amounts of data at sub 6 GHz bands. For example, in [10] , energy consumption analysis of a communication system operating at 2.5 GHz is analyzed by including the transmission and circuit energy consumptions.
It is shown that for short-range applications, M-ary quadrature amplitude modulation (MQAM) is more energy efficient than M-ary frequency-shift keying (MFSK).
In this paper, use cases that contain large amounts of data transmission in the low-THz band are investigated in order to determine the best performing and lowest energy consuming modulation methods.
The analyses are extended towards optimal physical layer (PHY) parameters which can further minimize energy consumption, and to propose ideal parameters required for general THz band transceiver (TRX) design. The used models are also based on semiconductor technology, since silicon (Si) complementary metal-oxide-semiconductor (CMOS) is still the best choice for bulk fabrication of inexpensive products.
The remainder of this paper is organized as follows. Section 2 provides state-of-the-art THz device technologies that operate in room temperature and hold promise for use in commercial 5G products. In Section 3, the THz band TRX model used for energy consumption analyses is described. Energy consumption characteristics of MQAM and MFSK are researched in Section 4. Optimization of modulation parameters, together with the comparison of the MQAM and MFSK simulation results, are provided in Section 5. Optimization of PHY parameters is examined in Section 6, and the article is concluded following a précis on associated open research issues in Section 7.
THz Band Device Technologies
While the THz band seems to offer an abundant spectrum for every radio service conceivable, it actually presents a very harsh environment for electromagnetic (EM) wave propagation. Although prohibitively high attenuation by atmospheric gases is advantageous for some small number of specific applications, like intersatellite communications links because it assists those to be isolated from any possible interference from the Earth, THz band is yet to be utilized for communication purposes. However, this has not been the case for the whole scientific field as the THz band contains some unique and valuable information that are within the research interests of different areas. For example, temperatures of the interstellar dust clouds range between 10 and 200
• K, which corresponds to about 0.21 and 4.3 THz, respectively. Therefore, energy radiated from interstellar gas, which is used for star formation research, lies entirely within the THz band. Gases that make up the Earth's atmosphere also have thermal emission lines in the THz band, creating Earth science's need for measurement instruments working at THz frequencies.
Several device technologies are available today which jointly cover the transmitter (TX) and receiver (RX) needs of the entire THz spectrum, ranging from metamorphic high electron mobility transistors to quantum cascade lasers; however, only a very small percentage of these possess the potential to be used for 5G communication systems. If 5G systems are to acquire high market penetration rates, respective UE and network devices must be robust, lightweight, highly integrated and most importantly, low-cost. Taking into account the technologies which are currently used to manufacture the hardware of virtually all mainstream communication devices and after a review of the currently available THz device technologies, Si CMOS appear as the only viable candidates for 5G despite their shortcomings in practically all electronic performance criteria.
Compared to the III-V semiconductor compounds, Si has worse material properties than many. Lower electron mobility, smaller energy band gap and higher resistivity of Si result in devices with inferior figures of merit. CMOS, likewise, has poorer transistor and passive performances than the corresponding components produced using III-V compound processes. However, there are plenty of critical reasons that have caused Si and CMOS to dominate the global semiconductor market, and with the current development rate in corresponding areas, their places look secure. Si, first of all, is vastly available all around the world and its purification is simple. Mechanical characteristics of Si make it a sturdy material, thus easy to manufacture and handle. Si also has high thermal conductivity enabling efficient thermal management of devices. It is simple to form insulators with exceptional dielectric properties like silicon dioxide that are used as CMOS transistor gates among many other functions. The doping concentration of Si has a very high range and with the already established manufacturing capacity and continued demand, low-cost production is ensured. On the other hand, since CMOS technology is essentially the same for all devices regardless of the frequency of operation, CMOS's intrinsic advantages like integration of higher frequency circuits with baseband circuitry, digital calibration for better performance, high yield and built-in self test also holds true for the THz range devices.
Initial IEEE mm-wave standards 802.11ad and 802.15.3c were ratified in December 2012 and October 2009, respectively. Furthermore, considering the fact that the first submm-wave standard, IEEE 802.15.3d, was approved in September 2017, it will be safe to say we are at least a decade away from commercial low-THz band products [11] [12] [13] . Nevertheless, research activities on both circuitry and communication domains are starting to accelerate, which includes MIMO systems as well [14] . Emerging THz band applications that also develop Si CMOS technology include imaging [15] , sensors [16] and chip interconnection [17] . Artificial dielectric layers are proposed to improve performance of on-chip antennas radiating at the low-THz band [18] . However, in line with the subject of the paper, in the following subsections a complete survey is presented on the state-of-the-art Si CMOS THz circuit blocks and modules designed for communication purposes. Moreover, devices whose operation frequencies are contained by the first 3 transmission windows of the low-THz band, which, approximately, range from 275 to 420 GHz [19, 20] , are selected in order to demonstrate the potential for 5G in the THz region. This limitation imposed the exclusion of a number of notable Si CMOS studies that are just outside the frequency range [21, 22] .
Signal Sources
THz signal source fabrication using CMOS is probably the most difficult field of the THz electronics research and only recently implementations with acceptable power, high stability and frequency tuning have started appearing in the scientific literature. Depending on the power gain cutoff frequency (f max ) of the transistors that are used, low-THz band can be reached through either frequency multiplication or direct generation. If the f max of a device is large enough for the intended THz application, direct generation is commonly preferred since the power efficiency is better and smaller chip area is needed compared to frequency multiplication. However, especially for Si CMOS devices, this is predominantly not the case. Therefore, signal sources are specifically designed to efficiently generate power at the harmonic frequencies of built-in non-linear diodes, so that appropriate harmonics of the fundamental frequency (f 0 ) can be output.
One Si CMOS source employing a triple-push architecture is reported in [23] . An N-push oscillator consists of N coupled oscillators which use a shared resonator and output 2π/N phase-shifted signals. When these signals are combined, N th harmonic components are constructively added, whereas the rest, in theory, are negated. Even though this method is useful for higher frequency generation, discontinuous tuning is observed in the event of uneven phase-shift [24] .
In [23] , the same 2 triple-push oscillator cores are locked by magnetic coupling, and the power is conveyed to the differential ring antenna through a matching stage. The device is realized in a 65-nm CMOS process over a 500 × 570 µm 2 die area, with oscillators occupying 120 × 150 µm 2 of the total. Output frequency is measured to be tunable from 284 to 288 GHz by reducing the supply voltage from 1.4 to 0.7 volts (V), and the source can generate a peak output power of -1.5 dBm at the upper limit of the tuning range by consuming 275 milliwatts (mW) of DC power. The circuitry was also packaged with a Si lens on an FR-4 board, but since the aim was demonstration and did not involve original design, that part is omitted.
Another novel CMOS source that is implemented in a 65-nm low-power bulk CMOS process is presented in [25] . For frequency tuning, placing varactors inside the LC resonator is a common practice that is shown to work satisfactorily up to 0.1 THz [26] . However, at higher frequencies varactor performance degrades. The significance of the design of [25] originates from eliminating varactors from the voltage-controlled oscillator (VCO), but still delivering a frequency tunable source with high output power which functions at the beginning of the submm-wave band. By adding phase shifters to the proposed 4 core coupled oscillator system, locking frequency of the VCO is made adjustable in accordance with the phase shifts between each core and the respective injected signal. Even though the provided simulation result illustrated that the third harmonic generates higher current around 300 GHz, fourth harmonic is chosen also for the symmetry it brings. One of the two VCOs that are fabricated for the study radiates peak output power of -1.19 dBm around its 13 GHz of tuning range centered at 290 GHz, therefore achieving the highest output power and tunability for all the oscillators available in the literature which operate in and beyond the low-THz band, even including the ones using compound semiconductor technologies. DC-to-RF conversion efficiency stands at 0.23% due to the 325 mW DC power input, and the chip is printed on an area of 600 × 600 µm 2 .
Transmitters
Not just sources but also complete TXs are being developed for THz frequencies. One latest example is a phased array [27] that is expanded over the delay-coupled oscillator method by the authors of [25] . The idea of controlling the oscillator frequency through the phase shift between adjacent cores works on a one-dimensional ring. To extend this effect over two dimensions, a 2 × 2 central loop is connected to 4 other similar loops solely through one of its vertices, creating a 4 × 4 coupled array. Adjacent nodes are situated at a fixed distance which equals half of the radiation wavelength, and the oscillators are linked with phase shifters. Patch antennas are used for radiation to prevent substrate coupling. A sample, likewise [25] , is manufactured in a 65-nm bulk CMOS process over an area of 1.95 × 2 mm 2 . Peak total radiated power is measured at 338 GHz as 0.8 mW, or -0.97 dBm, and equivalent isotropically radiated power (EIRP) as 51 mW, or 17.1 dBm, using 1.54 W of DC power. 12 dB of the 18 dB antenna directivity is due to array gain, and the rest due to patch antenna directivity. Beam steering is feasible across 45
• in azimuth (Φ), and 50
• in elevation (Θ) angles. Center frequency tuning measurements are performed between 337 and 339 GHz. However, the authors claim that 2.1% tuning is possible via altering the coupler supply voltage, which results in a 7.1 GHz spectrum around 338 GHz.
Another architecture is tunable at second harmonic frequencies which are between 276 and 285 GHz [28] . Distributed active radiator (DAR) [29] and inverse design approach lies at the core of this design. Typically, power generation and radiation are implemented by different circuit blocks. However, in [28] , surface currents on Si chip metal layers are first calculated for a specific EM field, and then synthesized using a DAR, which is made of 4 cross-coupled transistor pairs located symmetrically along 2 loops that are shaped into a Möbius strip. This way, second harmonic signal is radiated, while fundamental and other harmonic signals are filtered. The implementation consists of 16 DAR cores in a 4 × 4 array, and it is realized in a 45-nm CMOS silicon on insulator process. The output of the center VCO, which is tunable from 91.8 to 96.5 GHz using a 1.1 V supply voltage, is distributed to 4 separate divide-by-two frequency dividers that generate quadrature in-phase (I) and quadrature (Q) signals. Signal is then transferred through phase rotator and frequency triplers to drive the DARs. The resulting circuit, which has a chip area of 2.7 × 2.7 mm 2 , is capable of beam steering nearly 80
• in both Θ and Φ planes and provides an EIRP of 9.4 dBm at 280.8 GHz via the 16 dBi maximum directivity.
Transceivers
The final integrated TRX model [30] is included to provide a TRX example, even though the device is implemented in 130-nm silicon-germanium bipolar CMOS process. Moreover, its 367 to 382 GHz working range is around an atmospheric attenuation local maximum, thus making the device unsuitable for communication purposes. The TRX design is a homodyne frequency-modulated continuous wave radar using triangular modulation signal. Differential Colpitts VCO generates the fundamental signal at 92.7 GHz with 8.3% tuning radius, which is followed by drive amplifiers. Inside the TX, initially, balanced quadrature I and Q signals are coupled through transformers to the frequency quadrupler. 2 push-push pairs compose the quadrupler, which outputs the fourth harmonic frequency, and separate patch antennas, each containing 2 patches, radiates and receives the signal. On the RX side a subharmonic mixer, driven by second harmonic quadrature I and Q signals, down-converts to intermediate frequency (IF), before the concluding IF amplifier stage. The TX translates 3 dBm VCO output power into -14 to -11 dBm EIRP, the RX noise figure (N f ) is assessed to be between 35 and 38 dB, and the entire TRX consumes 380 mW power above a total space of 2.2 × 1.9 mm 2 . Also, a full subharmonic Schottky diode based TRX architecture that provides a bandwidth of 20 GHz which is extendible up to 40 GHz is shown in [31] .
THz Band Communication System Model
We modeled a communication link between 2 THz band nodes in order to analyze the energy consumption of a THz band wireless system. A generic wireless communications system can be decomposed into 5 main components: TX, RX, synthesizer, power amplifier (PA) and antenna. All signal processing blocks need to be considered in the energy consumption analysis too. THz band signal generation requires a special synthesizer, and thus it should also be examined in detail. Contrariwise, bandwidth in the THz spectrum is abundant and the small electrical length enables highly directive communication. Therefore, complicated signal processing techniques such as multiuser detection or time division multiplexing are not very advantageous and hence neglected in our model. The resulting system model of the THz band TRX is shown in Fig. 1 . This system can easily be modified to analyze the energy consumption in a full-dimension MIMO (FD-MIMO) based on the system shown in [32] .
THz band signal synthesizer mainly consists of a local oscillator (LO), balun, buffer amplifier (BA) and multiplier [33] . The multiplying factor depends on the generated frequency. The baseband digital signal is first converted to analog signal using a digital-to-analog (DAC) converter. This signal modulates the frequency synthesizer signal in the mixer. Subsequently, the modulated signal is amplified using a PA and transmitted into the channel through the antenna. Usually, antennas in the THz band devices are connected to the circuit using special interconnects whose power dissipation is considerable and cannot be neglected. On the RX side, the THz signal is first filtered inherently by the interconnect and then amplified by the low noise amplifier (LNA), downconverted by the mixer and amplified by the IF buffer. Finally, the IF signal is converted back to digital signal using an analog-to-digital converter (ADC).
TRX is assumed to be operating on a hybrid mode basis. When there is a signal to transmit, all the TRX components operate in active mode and consume full power. Conversely, when there is no signal to transmit, TRX switches to inactive mode, which saves energy. When switching from the inactive mode to the active mode there is a transient mode, which is the time required to turn all the components into the active state.
To calculate the power consumption, a simplified case of wireless communication is considered where one of the nodes has I bits to transfer in time T . TX turns on for active mode time, T act , to transmit these bits and then returns back to the inactive mode. T act parameter needs to be optimized based on the modulation scheme. The transmission period consists of T = T act + T settl + T of f , where, T settl is the transient time whose duration depends mainly on the phase lock loop settling time in the frequency synthesizer and T of f is the inactive mode duration. In this scenario, the total energy consumption, E total , required to send I bits can be written as
where the active mode power, P act , is composed of the transmitted power and the circuit power consumption. Power consumed by LO, balun, BA, mixer, LNA, filter, IF buffer, ADC, DAC and PA are all included in the circuit power use. The power consumption of PA is P amp = αP t , where α = (ξ/η) − 1, ξ is the peak-to-average power ratio (PAPR) which depends on the modulation scheme, and η is the drain efficiency. Thus, the corresponding active mode power can be expressed as
where P ct and P cr are the circuit power consumptions at the TX and RX, respectively. Moreover, P ct = P LO + P balun + P buf f er + P ×N + P mix + P DAC + P interconnect and P cr = P LO + P balun + P buf f er + P ×N + P mix + P LN A + P interconnect + P IF Buf f er + P ADC + P f il . The inactive mode power consumption is orders of magnitude smaller than the other 2 states and can be neglected in the current comparison [34] . In contrast, when turning on the TX, first the LO is activated until it settles and then the other circuitries are started. Hence, the transient state power depends on the power consumed by the LO at the TX and RX, which can be approximated to P settl ≈ 2P LO .
Using these defined parameters, energy consumption per information bit, E b = E total /I, is computed as
where E t = P t T act is the energy transmitted, and P c = P ct + P cr is the circuit power consumption, whereas P LO and T settl are constants [35] . Here, the optimal T act needs to be determined to obtain the ideal constellation size for any modulation scheme. From (3), E b is directly proportional to the PAPR of the modulation technique. Thus, the modulation scheme must be selected carefully. In addition, it has been shown that the energy per bit increases as the bandwidth efficiency rises, which is defined by B e = I/BT act , where B is modulation bandwidth [35] . Employing a log-distance path loss model, the transmitted power, P t , can be defined as
where P r is the received power, d is the link distance, γ is the path loss exponent, M l is the link margin compensation used to account for any variations in the system and G 1 is the gain factor for unit distance, which includes the gains of the TX and RX antennas and the path loss at 1 m. For an indoor office environment, γ can be assumed 4 [36] . Furthermore, the free-space path loss for 1 m at 300 GHz is approximately 82 dB and since an antenna gain of 22 dBi is already demonstrated [37] , we utilized G 1 as 38 dB in our analyses.
Energy Consumption Analyses of MQAM and MFSK Modulations
Bandwidth is not scarce in the THz spectrum. Therefore, to transmit large amounts of data, the most energy efficient modulation scheme should be utilized. To find the optimum modulation method, the model given in the Section 3 is evaluated for the MQAM and MFSK [38] . Both techniques are analyzed over an additive white Gaussian noise (AWGN) channel.
MQAM
For a communication system that uses MQAM, the number of symbols required to send I bits are I s = I/b, where b = log 2 M is the number of bits assigned per symbol. Moreover, I s can also be represented in terms of the symbol period T s , such as I s = T act /T s . If the system utilizes square pulses, then T s ≈ 1/B and hence the relationship can be expressed as
The required P r for a specific set of constellation size, N f , bandwidth and probability of error for MQAM operating in an AWGN channel is also determined using the upper bound on the error probability given by
where σ 2 is the power spectral density of the AWGN channel and P b is the bit error probability [36] .
For MQAM, PAPR is calculated using ξ = 3( √ M − 1)/( √ M + 1) and M = 2 I/BTact . Finally, by substituting all the necessary parameters for MQAM in (3), energy per 
System parameters for the THz band TRX are given in Table 1 [39] [40] [41] . The DAC and ADC are also assumed to be the Texas Instruments Inc. models DAC1220 and ADC08D500, respectively. Due to high PAPR, MQAM requires linear PA. Amplification in the THz band is hard to achieve using solid state devices due to their low transistor cut off frequency. Hence, class-A PA is selected whose efficiency is η M QAM = 0.15 [41] . I is found using b min = L/BT and the fact that minimum constellation size, b min , equals 2. Here, B and T are chosen for the specific case of Internet of Things.
To determine the optimum active time for transmission at different d, E b is plotted against the normalized T act in Fig. 2 . For low d, the energy consumption is less for smaller T act . Hence, significant amount of energy can be saved by optimum T act .
MFSK
In MFSK, the number of orthogonal carriers equals the constellation size M , with a minimum intercarrier separation of 1/2T s . Hence, the total bandwidth is B ≈ 2 b /2T s , and the bandwidth efficiency is B e = 2b/2 b . By comparing the bandwidth efficiency of MFSK with the general bandwidth efficiency equation B e = I/BT act , the following equation for T act in MFSK is obtained
The relation between required P r for a given probability of error, bandwidth, constellation size and N f for MFSK can be determined using the upper bound on error probability, which is calculated as [36] 
Unique nature of MFSK modulation requires some modification in the circuit parameters and model. In MFSK, ξ = 1 due to the constant signal amplitude. This allows the amplifier to be used in saturation and achieve maximum efficiency. Furthermore, it allows the use of non-linear amplifiers, such as class-B amplifiers that provide better drain efficiency [42] . Hence η = 0.35 is kept for the THz band PA. Conversely, in the TX, the mixer and DAC need to be removed since frequency modulation is carried out directly in the synthesizer. When all the required MFSK parameters are placed in (3), E b becomes
10) where G d is the power gain factor, and the bandwidth and packet size for MFSK are kept similar to the MQAM configuration. However, the maximum time delay, T M F SK , was changed to 1.07 s, which restricts the maximum value of b to 6. Unlike MQAM, MFSK modulation is less bandwidth efficient and thus it requires more transmission time for the same number of bits and a given bandwidth.
E b for MFSK modulation scheme is shown in Fig. 3 . For low d, smaller b value is more energy efficient, and energy consumption rises with growing b. This is due to the effect of circuit power consumption, which increases for higher b. Yet, for distances higher than 10 m, transmission power dominates the circuit power consumption and thus larger b becomes more energy efficient. In an AWGN channel, the larger the M is, the more energy efficient MFSK becomes, leading to our result of reduction in 
Modulation Parameters Optimization
MQAM is a bandwidth efficient modulation scheme, requiring less time to transmit a given amount of data. The energy consumption analysis of MQAM in the THz band shows that for d < 1 m, T act should be small enough to reduce the energy consumption. However, for d > 3 m, a higher T act will decrease E b . This is due to the fact that at longer distances, transmission power outweighs the effect of circuit power. Hence, for d > 3 m, optimizing T act does not help with energy saving, and therefore the maximum value of T act should be used.
MFSK is less efficient in terms of transmission time, and therefore the time required to send a certain amount of bits is higher. But, the constant envelope (ξ = 1) significantly relaxes the PA linearity requirement and thus a power efficient transmission can be achieved. The energy consumption analysis of MFSK in the THz band shows that for d < 7 m, b = 2 is the optimum choice. Whereas, for d > 7 m, higher b value yields better energy efficiency.
A comparison of TRX energy consumption using MQAM and MFSK modulation schemes is shown in Fig. 4 . For each d in the MQAM TRX, optimum T act value is used to minimize energy consumption. These parameters are obtained from the energy per bit analysis of MQAM. optimized parameters for the MQAM and MFSK systems operating at different d are given in Table 2 .
The potential usage models for THz band can be divided into 3 main categories. The first category is very short distance communication which includes applications such as gadgets connected to a computer, ultra high definition (UHD) displays, ultra fast portable data drives and mobile data synchronization. In these applications, the distance between the TX and RX is usually less than 2 m. Hence, to minimize the energy consumption of the information transmission, we propose the utilization of MQAM, which can lead to greater than 90% energy saving. The second category is THz band 5G indoor wireless communications, that will enable femtocells with ultra high speed communications for a coverage range of 10 m. Specific usage models include UHD multimedia streaming, UHD video conferencing and ultra-high speed wireless data transfer. Due to the higher mobility and distance requirements in these applications, MFSK is propositioned for adoption. The third category is wireless backhaul that operates over distances greater than 10 m. Like the second category, the characteristics of this application also necessitates the use of MFSK [43] [44] [45] [46] .
PHY Parameters Optimization
PHY consists of the main communication hardware and is the most complex layer of any communication architecture.
Optimizing the parameters of PHY can significantly reduce energy consumption in a communication link. Hence, we analyzed the effects of PHY on energy consumption. The key components of PHY are solid state circuits, amplifiers, antenna gains, RX noise, bit error rate and path loss. By examining their effect on the energy consumption, optimal hardware parameters which will reduce it can be determined. To observe the behavior of all major parameters, the values of the hardware are normalized between 0 and 1, i.e., from worst to best, respectively. The corresponding values are shown in Table 3 . To provide an example, the normalized value 0 of an amplifier corresponds to 0% efficiency, whereas 1 corresponds to 100% efficiency. Furthermore, a higher efficiency means an expensive amplifier design. Therefore, any parameter with a normalized value close to 1 will perform better, but at the expense of higher cost and complexity; whereas, lower normalized value might consume higher energy, but the implementation would be easier. The comparison of MQAM parameters for d = 1.5 m and MFSK parameters for d = 10 m are shown in Fig. 5 and Fig. 6 , respectively. Solid state circuits working in the THz frequency range are rapidly being developed and considered as the core technology that will enable THz band wireless communications.
Many successful TRXs have been published in recent years [33, 47] . However, the amplifiers operating in the THz band require further improvement since their efficiency values are not sufficient. As power consumption of PA dominates circuit power consumption after a certain distance, their higher efficiency can improve the energy consumption for the THz band communications [42] . The non-linear behavior of η can be observed from Fig. 5 . In the MQAM system, 15% efficient amplifier consumes a significant amount of energy and is graded as very poor. Moreover, the non-linearly decreasing behavior depicts that after 40% efficiency, there is not considerable energy saving in MQAM. In contrast, for MFSK, PA efficiency of 60% is adequate as higher efficiency does not reduce the energy consumption substantially. Small aperture size at high frequency allows the use of highly directional antennas that can reduce path loss. To observe the effect of antenna gain, link margin is swept from 40 to 0 dB, which corresponds to an increase in antenna gain from 22 to 42 dBi. It is obvious that MQAM is effected by the change in power transmitted, hence in Fig. 5 the behavior of M l variation is linear. Furthermore, MFSK is prone to power variations, and after a certain value of M l , any significant reduction in energy consumption is not achieved. This is confirmed by the non-linear behavior of M l illustrated in Fig. 6 . Thus, the higher the antenna gain, the better the performance To observe its effect on energy consumption, γ is changed from 8 to 1, which corresponds to 0 and 1 on normalized scale, respectively. In Fig. 5 , the behavior of γ is approximately linear for the MQAM system. However, in MFSK γ behaves non-linearly, as shown in Fig. 6 , and hence higher value of γ increases energy consumption rapidly. Moreover, the plot shows that for the MFSK system to perform well, γ needs to be smaller than 2.4.
N f is the amount of noise introduced by the RX front end to the signal received. It depicts the degradation in signal-to-noise ratio caused by the hardware components of the RX. The major components affecting N f are the antenna interconnects and LNA. The attenuation causing noise in the interconnects can be reduced by designing high quality interconnects that attach the antenna to the circuit, while also assisting with the out of band signal rejection. Also, the noise of amplifier can be reduced by selecting proper transistor technology and stability network of the amplifier. The ideal N f of a RX front end is 0 dB which corresponds to 1 on our normalized scale; whereas, 20 dB is considered to be the worst case. The behavior of N f is approximately linear in both Fig. 5 and Fig. 6 . Hence, the lower the noise is, the less E b will be.
To find the optimal PHY parameter values for the least energy consumption in the THz band, the model is evaluated with 1 and 3 dB back-off values for all the parameters. 1 dB back-off point corresponds to the parameter value that consumes 1 dB less energy than the energy consumed at the ideal state, i.e., for the normalized value of 1. This is calculated as |E b1 | − 1, where |E b1 | is E b with the parameter having its ideal value. Similarly, 3 dB back-off point corresponds to the parameter value that consumes 3 dB less energy than the energy consumed at the ideal state and is computed by |E b1 | − 3. These optimum values for the MQAM and MFSK systems are given in Table 4 .
The total energy consumption per bit for optimized modulation parameters and PHY with 1 dB back-off point over different d is shown in Fig. 7a . Optimized PHY parameters save significant amount of energy and can increase the distance where MFSK performs better than MQAM. For the stated parameters, MQAM is more efficient in terms of energy consumption till 143 m, and after that MFSK becomes more energy efficient. Yet, in this situation the hardware parameters are very stringent and expensive. The total energy consumption per bit for 3 dB back-off point is shown in Fig. 7b . These PHY parameters save significant amount of energy too, and MQAM is more energy efficient for d < 12 m. As previously discussed, higher normalized value leads to a more expensive circuit. To compare the values of both of the modulation schemes, the average normalized parameter is calculated using
where X i is the normalized value of the parameter i.
Average normalized values of the communication system operating with 1 dB back-off point are calculated as 0.6725 and 0.6356 for MQAM and MFSK, respectively. Whereas, for 3 dB back-off point, these average values are 0.4925 and 0.53125, again, for MQAM and MFSK. This shows that the 3 dB back-off PHY components of MQAM is on average both cheaper and more energy efficient than the MFSK. Since the THz band is expected to operate in femtocells where d will be tens of meters, MQAM is deduced to be the superior modulation scheme for future THz band communications.
Open Research Issues
Number of bits being utilized per unit area is growing exponentially. Data usage is expected to increase by a thousandfold in 5G. Supporting the required amount of energy can become exigent if not handled properly. Adaptive modulation that saves energy is definitely useful, however, it is not sufficient to minimize energy consumption by itself. Other methods should also be inspected. One of the candidate techniques is reflecting antennas. It reduces the power consumption at the remote device by up to 100 times. In reflecting antennas technology, the mobile device reflects wireless signals instead of using regular TXs to generate them. This eliminates the need of PA in the UE, but consumes more energy at the base station [48] .
Another interesting research topic that can significantly reduce power consumption is full-duplex wireless communications.
In a full-duplex system, transmission and reception is carried out simultaneously which makes the detection of received signal very difficult. This is because the signal from the local transmitting antenna is immensely stronger than the transmission from other the node. The predicament can be handled by using a signal inversion cancellation method [49] . Full-duplex systems reduce the time of communication, and hence the energy usage. By introducing full-duplex transmission in the THz band for 5G communication applications, E b can be reduced significantly with improved system latency whereas the data throughput can be doubled [50] .
Conclusion
In this article, the total energy consumption of a wireless communication system operating in the THz band channel is analyzed. A comprehensive THz band system model is developed in order to determine the energy consumption of a TRX operating using MQAM and MFSK. Based on the performed analyses, it is deduced that short-range THz band applications should use MQAM modulation scheme, whereas, medium-and long-range applications should employ MFSK modulation method to minimize the energy consumption per bit. Moreover, optimization of the PHY of a wireless system substantially affects the energy consumption factor. Different PHY parameters are evaluated in order to generate a set of best-functioning parameters which can further reduce the energy consumption factor by 81%. Finally, it is shown that for wireless systems with optimal PHY parameters, the distance at which MFSK performs better than MQAM significantly increases, and consequently for the low-THz band usage models MQAM is the most optimal modulation scheme.
